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The all-cis isomer of 1,2,3,4-tetrafluorocyclopentane is prepared and characterised by NMR and X-ray crystallography and the experimental structure compared with theory. The structure has a similarly high polarity to all-cis tetrafluorocyclohexanes despite 10 the increased conformational flexibility of a cyclopentane.
Recently we reported the synthesis and analysis of cyclohexanes containing four 1, 2 The high melting points and polarity arise because of the polarity induced by having 1,3 diaxial C-F bonds in the chair conformation of the cyclohexane rings, the C-F bond being the most polar covalent bond to carbon. 4 In the case of all cis-1,2,3,4,5,6-hexafluorocyclohexane 3, 3 there are three axial C-F bonds
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in the chair conformation, and this molecule has a melting point of 206 o C and a calculated dipole moment of µ = 6.2 D, the highest recorded for an aliphatic compound. 3 There is a general interest in polar organofluorine aliphatics in 30 performance materials such as liquid crystals 5 for displays or piezoelectric materials for electrical devices such as actuators. 6 New motifs that might enhance exploration into these areas are desirable. As an extension of our investigation into the small polar cyclohexane rings 1-3 containing cis-vicinally arranged fluorines, we have begun
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to explore cyclopentanes with appropriately configured C-F bonds. Cyclopentanes are conformationally more flexible than cyclohexanes, 7 and it was of interest to determine if we could prepare an all-cis, vicinally substituted cyclopentane and how ordered such a system would be in both the solution and solid state.
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Monofluorocyclopentane is well known 8 and cis-and trans-1,2-difluorocyclopantanes have been prepared. 9 There are no examples of vicinal fluorinated tri-or tetra-cyclopentanes in the literature. Intriguingly there is a report 10 Ring opening of the epoxides was accomplished using Et 3 N.3HF 12 to generate a mixture of regioisomers 9/10. Triflation of the free 65 alcohols (mix of isomers) generated 11/12 and then treatment of the triflates with Et 3 N.3HF
13 gave a sample of 5. Cyclopentane 5 was indeed isolated as a solid although with a melting point of 39 o C and it was noticably volatile and sublimed on standing over a period of a few days at ambient temperature. As a consequence it proved 70 challenging to isolate 5 in significant quantities by chromatography. None-the less analytical samples were secured in sealed flasks and a suitable crystal was used for single crystal analysis. The resultant structure of 5 is shown in Figure 1 . 
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The lower image shows four molecules linearly stacked with fluorine faces pointing to adjacent hydrogen faces consistent with electrostatic ordering. The distances highlighted are the shortest intermolecular CF ... HC contacts.
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The molecular ordering in the solid state (bottom of Figure 1 ) clearly illustrates the facial polarity of cyclopentane 5, a characteristic which was observed for the all-cis fluorinated cyclohexanes 1-3. in Figure 1 ) and there are short CF…HC contacts between adjacent molecules indicative of a strong electrostatic attraction between the non equivalent faces of the rings. is assigned to the upper face H 5a proton of the only CH 2 methylene group in the ring. This smaller shift is consistent with its location in the more electronegative face of the cyclopentane ring and thus it is repelled from as close an association as the 120 lower hydrogens with the aromatic solvent.
As stated above, cyclopentane and its derivatives are conformationally flexible. 7 To explore the energies of the various conformations of 5 we performed density functional theory (DFT) 
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Optimisations starting from all possible unique permutations of the F and H atoms in an envelope form of 5 converged to one and the same minimum, 5a (Figure 3 ). This minimum is slightly twisted from the structure in the solid state (compare 5 and 5a in 140 the top left of Figure 3 ). Although relatively small, this twist affords another envelope conformer, but now with the F atom at the tip of the envelope in an axial, rather than an equatorial position (compare the two structures 5a in the top right of Figure  3 ; these are identical, but shown in different orientations). This DFT functionals, MP2 level) or the environment (gas phase, a second molecule stacked on top or a polarisable continuum model). For an estimate of the energetic effect of this conformational twist, we performed a partial optimisation 150 freezing the conformation of the C 5 ring to that observed in the solid (by fixing the C-C-C-C dihedral angles) and relaxing all other structural parameters. The resulting structure of 5, denoted 5(fix), is 2.2 kcal/mol higher in energy than the fully optimised minimum 5a. It may be that the structure in the crystal is affected 155 by packing forces. A single molecule carved out of the crystal has a higher computed dipole moment (5.8 D) than the minimum 5a (4.9 D, B3LYP-D3 level, see Figure S1 in the ESI for a plot of the electrostatic potential), which would serve to reinforce the stacking shown in Figure 1 .
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Two of the alternative envelope forms (with a CH 2 group at the envelope tip) can be optimised imposing C s symmetry. Essentially isoenergetic, they are not minima but transition states with a single imaginary frequency each, involved in the rearrangement of 5a with its mirror image, 5a'. One of these 165 transition states, 5b, is depicted at the bottom of Figure 3 . The computed barrier for this pseudorotation-type rearrangement is ΔH ‡ = 2.5 kcal/mol at room temperature. This very low value is consistent with the apparent C s symmetry on the NMR time scale and the failure to detect any line broadening even at temperatures 170 as low as -80 °C. 
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Indirect spin-spin coupling constants involving the CH 2 group have been computed at the BHandH/6-311+G(2d,p) level. 16 The results collected in Table 1 clearly show that the apparent C s symmetry on the NMR time scale cannot arise from a static C ssymmetric structure such as 5b, because this shows large 185 deviations between observed and computed J(H,H) values. Good agreement is obtained for the averaged couplings in both fully and partially optimised structures (assuming fluxional motion as discussed above); incidentally the values computed for the fully optimised minimum 5a fit slightly better to experiment than those 190 for 5(fix), with mean absolute deviations of 0.5 Hz and 1.1 Hz, respectively (see rightmost column in Table 1 ). These data thus support the interpretation that the dominant conformation in solution may be closer to the pristine minimum 5a than the structure found in the solid state.
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In conclusion we have prepared cyclopentane 5 and demonstrated experimentally by X-ray structure analysis in the solid state and by NMR analysis in solution, that it has highly polarised faces. Theory studies indicate fluxionality with a low barrier for 200 pseudorotation, to the extent that the precise conformation observed in the solid may be different from that of the pristine molecule in the gas phase or in solution. The calculated molecular dipole moment of minimised conformations is large ~5.0 D placing this cyclopentane in a similar and very polar 205 catergory to that of the more conformationally defined cyclohexanes 1-2. It follows that functionalised all-cis tetrafluorocyclopentanes would offer an interesting new motif for the design of performance molecules extending from organic materials to medicinal or agrochemicals research.
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